Ç15 min but virtually no associated change in dysmetria was seen. We speculate that these modifications in gaze in different states of alertness. Brain Res. 103: 574-578, 1976. 
In the companion paper (Goffart and Pélisson 1998), we companion paper that muscimol injection in the caudal part of showed that muscimol injection in the caudal fastigial nuthe fastigial nucleus ( cFN ) consistently leads to dysmetria of visually triggered gaze shifts that depends on movement direction. cleus (cFN) strongly affected the accuracy of saccadic gaze Based on the observations of a constant error and misdirected shifts. Gaze shifts directed toward the injected side overshot movements toward the inactivated side, we have proposed that the the target by a constant horizontal error and converged onto cFN contributes to the specification of the goal of the impending a shifted, erroneous goal. A bias also was present for the ipsiversive gaze shift. To test this hypothesis and also to better movement of the head that accompanied the gaze shift and define the nature of the hypometria that affects contraversive gaze when the animal positioned its mouth with respect to a piece shifts, we report in this paper on various aspects of movement of food. These deficits led us to propose that cFN contributes dynamics and of eye / head coordination patterns. Unilateral musto the specification of the goal during the preparation of cimol injection in cFN leads to a slight modification in the dynaman ipsiversive gaze shift. On the other hand, gaze saccades ics of both ipsiversive and contraversive gaze shifts ( average directed away from the inactivated cFN were hypometric. velocity decrease Å 55Њ /s). This slowing in gaze displacements results from changes in both eye and head. In some experiments, But in that case, gaze undershot the target by an error that a larger gaze velocity decrease is observed for ipsiversive gaze depended on the required gaze displacement, and this deficit shifts as compared with contraversive ones, and this change is could be expressed as a reduced gain of the relationship restricted to the deceleration phase. For two particular experilinking gaze displacement amplitude to retinal error. A rements testing the effect of visual feedback, we have observed a duction of saccadic gain has been reported previously for dramatic decrease in the velocity of ipsiversive gaze shifts after saccadic eye movements performed in the head-restrained the animal had received visual information about its inaccurate condition ). However, the functional gaze responses; but virtually no change in hypermetria was noted. origin of this contraversive hypometria is not clear as hypo-These observations suggest that there is no obvious causal relametria could result from an alteration of processes that either tionship between changes in dynamics and in accuracy of gaze specify the metrics of the impending gaze shift, from an shifts after muscimol injection in the cFN. Eye and head both contribute to the dysmetria of gaze. Indeed, muscimol injection impaired control of the on-going eye and head trajectories, leads to parallel changes in amplitude of both ocular and cephalic or from both. components. As a global result, the relative contribution of eye Head-unrestrained orienting shifts of gaze (Å eye / head) and head to the amplitude of ipsiversive gaze shifts remains statishave been proposed to be controlled by feedback mechatically indistinguishable from that of control responses, and a nisms (for review see Guitton 1992) , in close analogy to small ( 1.6Њ ) increase in the head contribution to contraversive the feedback system proposed for saccadic eye movements gaze shifts is found. The delay between eye and head movement performed with the head restrained (Jürgens et al. 1981;  onsets is increased by 7.3 { 7.4 ms for contraversive and de- Robinson 1975; Zee et al. 1976 ). According to this hypothecreased by 8.3 { 10.1 ms for ipsiversive gaze shifts, correspondsis, gaze is monitored continuously throughout its displaceing respectively to an increased or decreased lead time of head ment and compared with a reference signal (target position movement initiation. The modest changes in gaze dynamics, the absence of a link between eventual dynamics changes and dysmet-or desired gaze displacement), which results in a signal of ria, and a similar pattern of eye-head coordination to that of current gaze position relative to the target (dynamic gaze control responses, altogether are compatible with the hypothesis motor error). In turn, gaze motor error would ensure gaze that the hypermetria of ipsiversive gaze shifts results from an accuracy by driving eye premotor neurons (Laurutis and impaired specification of the metrics of the impending gaze shift. Robinson 1986; Pélisson et al. 1988; Tomlinson 1990) , both Regarding contraversive gaze shifts, the weak changes in head eye and head premotor neurons (Guitton et al. 1990 ), or contribution do not seem to reflect a pathological coordination neurons modulating the vestibuloocular reflex (Phillips et between eye and head but would rather result from the tonic al. 1995). Despite these differences, all these models emdeviations of gaze and head toward the inactivated side. Hence, body the gaze feedback concept by combining the local feedour data suggest that the hypometria of contraversive gaze shifts back loop of saccadic eye movement models with another also might result largely from an alteration of processes that feedback pathway providing head-related information. specify the goal rather than the on-going trajectory, of saccadic gaze shifts. within this framework leads to the following considerations.
To investigate these issues, we report in this paper the results of systematic analyses performed on various aspects First, as in any closed loop system, altered activities of neuronal populations located along the feedforward path but of movement dynamics and eye/head coordination patterns during inactivation of the cFN in the head-unrestrained cat. inside the feedback loop should lead to changes in movement dynamics but not in accuracy. Such selective impairment of Part of the data has been published in abstract form (Pélisson and Goffart 1995) . the feedforward path was invoked in human subjects to explain changes in saccade dynamics related to reduced level of alertness (Jürgens et al. 1981) or to spinocerebellar degen-M E T H O D S eration disease (Zee et al. 1976) . Second, an impairment The data were recorded from five cats. The behavioral and physialong the feedforward path but downstream from the feedological methods used in these experiments have been described back loop should cause large changes in both the dynamics in the companion paper (Goffart and Pélisson 1998) . Detailed in and the metrics of saccades. Third, changes in gaze accuracy the following sections are the conditions of target presentation and and dynamics also are expected if the feedback pathway information regarding the analyses performed in the present paper. itself is subject to some dysfunction. Indeed, simulations of feedback models showed that changing the feedback gain Target presentation setups from its nominal value significantly affected both the accuracy and dynamics of saccades (Keller 1989; Moschovakis We used two setups to elicit stereotyped, visually triggered gaze 1994). Fourth, a central dysfunction at a level situated upshifts without extensive animal training. In the screen setup, the visual target was presented at the edge of a flat, vertical, opaque stream from the feedback loop, that would alter the encoding panel located in front of the animal. With this setup, the target was of the reference signal driving the feedback controller, has presented at one of four possible locations, with the two locations predictable effects on the accuracy, but not the dynamics, along the horizontal meridian representing Ç90% of the trials. of the resulting movements (Optican 1982) . Therefore an Screens of different sizes were used to study different target eccenanalysis of the dynamics of orienting movements recorded tricities, with each screen used in collecting blocks of 20-50 conduring cFN inactivation could help to understand the role secutive trials. All screens were square, except the largest one of the cerebellum in the control of gaze shifts. Recently, in (rectangle) . In the hemicylindrical setup, a single, hemicylindrical a model based on burst activity and inactivation data of the panel was used during the entire recording session, and the target cFN in monkey, Dean (1995) proposed that the late and the could be presented in any one of nine holes along a horizontal arc early burst of cFN activity could directly affect the saccadic at the level of the animal's eyes. In practice, three locations were used with equal probability, at 024, 0, and 24Њ relative to the pulse generator to help decelerate ipsiversive saccades and animal's midsagittal plane. At the start of a trial, one of the nine accelerate contraversive ones, respectively. Although the efholes could be used to present an object that served to control fects of simulated unilateral fastigial lesions were not quantiinitial gaze position. In both setups, the ambient illumination could fied, it can be expected that the removal of the late burst be interrupted by triggering an electronic shutter at the beginning (lagging saccade onset) normally produced by cFN neurons of the visually elicited gaze response, and the lights were relit 2 s in relation to ipsiversive saccades would prolong the decelerafter target presentation. In these trials (probability of Ç90%), ation phase of these responses and, in effect, alter their dyany immediate visual feedback about motor performance was supnamics (see Robinson et al. 1993) . Conversely, no straightpressed. forward predictions can be made from this model regarding a possible effect of cFN inactivation on contraversive saccade Data recording and analysis dynamics.
Another problem relates to the way eye and head move-Visually triggered gaze shifts were recorded during the period between 20 to 120 min after the onset of muscimol injection in ments contribute to gaze dysmetria. Because of a limited the cFN (muscimol session) or the day preceding the injection oculomotor range, cats typically produce large head move-(preinactivation or control session). Each recording session conments in conjunction with saccadic eye movements to sisted of a series of 2-s trials, with data acquisition initiated just achieve large, single step, gaze shifts (Guitton et al. 1990 ). before target presentation. Horizontal and vertical signals of gaze It is, therefore, possible to test whether medial cerebellar (eye-in-space), head and target positions, all expressed as angular regions are involved specifically in the control of saccadic deviations with respect to the animal's longitudinal body axis, were eye movements or in the more general function of orienting sampled (frequency Å 500 Hz, resolution Å 12 bits) and stored gaze in space. To our knowledge, there was only one qualitain a PC microcomputer. tive report of coordinated eye-head movements after cerebel-Analyses were performed off-line by PC-based programs developed in our laboratory. Gaze and head position signals were filtered lar lesions in the monkey (Ritchie 1976) that suggested digitally (FIR filter, 70-Hz cutoff frequency) and differentiated. no change in saccadic dysmetria as compared with a head-Gaze and head movements were detected by the computer based restrained condition. In human cerebellar patients, two clinion a velocity threshold (30Њ/s), and each trial was displayed to cal studies led to different observations: Shimizu et al.
correct detection error and exclude, from further analysis, sponta-(1981b) reported a similar gaze dysmetria whether the head neous and anticipatory movements. The saccadic portion of orbital was restrained or not, whereas in another study, a difference eye trajectory was defined as follows: it started simultaneously between the two testing conditions was observed in some with the gaze saccade and ended when maximum eye deviation patients when hypometric movements were considered was reached during the gaze shift (i.e., beginning of ocular count- (Shimizu et al. 1981a ). However, in none of these studies errotation). Finally, spatial and temporal parameters of eye, head, was the actual head contribution to the gaze shift investiand gaze primary movements were extracted and further processed Responses with similar starting position have been selected in the control and pharmacological sessions. A: rightward gaze shifts: 2 cFN-inactivated (q) and 2 control responses (᭺) toward a 35Њ eccentric target are superimposed; additionally, 2 control responses toward a 19Њ eccentric target (ᮀ) have been selected as they match cFN-inactivated movement amplitude. B: leftward gaze shifts: 2 cFN-inactivated ( q ) and 2 control responses (᭺) toward a 19Њ eccentric target are superimposed; additionally, 2 control responses toward a 35Њ eccentric target (ᮀ) have been selected as they match cFN-inactivated movement amplitude. Note that, for a given target, cFN-inactivated trajectories diverge from control ones during the acceleration phase and conversely, for a given movement amplitude, cFN-inactivated and control trajectories are similar. tistica software (Statsoft). The tests used were Student's t-test and sponses with similar amplitude (ᮀ, target presented at 19 linear regression analyses. In addition, because of the known non and 35Њ in left and right panels, respectively). First, examilinearity of the gaze velocity-amplitude (main sequence) relationnation of the control responses showed that trajectories to ship, statistical assessment of preinactivation versus muscimol difdifferent targets diverged only after Ç2-3Њ of displacement, ferences of the main sequence was performed through an alternawhen gaze velocity (Ç300Њ/s) was still increasing quickly. tive approach to linear regression analyses. For each experimental A quite similar early separation of gaze trajectories was session and each movement direction relative to the inactivated observed when comparing control and cFN-inactivated re-cFN, gaze shifts were sorted into 10Њ amplitude classes and the sponses elicited by a single target, which indicated that musaveraged value of maximum gaze velocity was computed in each cimol-induced modifications in gaze trajectory were exclass. The results, pooled over all 13 experiments, then were submitted, separately for each amplitude class, to a two-way, repeated pressed nearly at movement onset. In contrast, a striking measures, analysis of variance (ANOVA) with the following deresemblance was observed between control and cFN-inactisign: 2 experimental conditions (control vs. muscimol) 1 2 movevated gaze trajectories that achieved the same total ampliment directions (ipsiversive vs. contraversive).
tude. This close matching was observed from the beginning until the completion of the movement, which held for both R E S U L T S ipsiversive and contraversive responses. Only a slight reduction in gaze velocity was noted for ipsiversive gaze shifts. The following results come from an analysis of the dy-Based on these individual examples, it was thus virtually namic properties of gaze shifts in 13 experiments. Then the impossible to differentiate the dynamics of dysmetric gaze coordination between eye and head is investigated by having shifts performed after cFN inactivation from the dynamics measured their contribution to the gaze shift and their relaof control responses with comparable metrics. tive latency. Finally, the dynamics of eye and head displace-
The dynamics of orienting responses were analyzed in a ments are described.
systematic way by plotting the gaze main sequence relationships for each experiment. Figure 2 shows these plots for Gaze dynamics two experiments in which responses were recorded with the screen setup (experiment G-L, Fig. 2, A and B) or with the To illustrate the general features of gaze shift dynamics, the relationship between velocity and position of gaze during hemicylindrical setup (experiment I-L2, Fig. 2, C and D) .
In both cases, muscimol injections were made in the left the on-going movement is shown in a phase plane plot in Fig. 1 . Figure 1A illustrates some rightward gaze trajectories cFN. These two experiments were selected because they represented the injections that led to severe amplitude defi-toward a 35Њ eccentric target and in Fig. 1B some leftward gaze trajectories toward a 19Њ target, recorded before (᭺) cits and for which the largest number of responses was collected. The relationship between the peak velocity of the and after (q) muscimol injection (injection I-L1 in left cFN). Because cFN-inactivated gaze shifts were highly dys-horizontal gaze displacement and its amplitude is plotted in the left panels (A and C), whereas the graphs in B and D metric, we included for comparison preinactivation gaze re-J145-7 / 9k27$$ap02 03-13-98 09:02:35 neupas LP-Neurophys represent the duration of gaze shift as a function of its vecto-vidual observations was tested by the following global analysis. For each experimental condition (control and musci-rial amplitude. Control and muscimol data are superimposed (᭺ and q, respectively). The two movement directions can mol), the responses were first sorted according to their vectorial amplitude into 10Њ width classes. Second, maximum be distinguished by the sign of gaze amplitude, which is, by convention, positive for rightward movements and negative vectorial velocity of gaze was computed for each class that included at least three movements (valid bin). The between-for leftward movements. It should be noted that gaze shifts elicited by a sudden target presentation reached a very high condition difference (muscimol minus control) of gaze maximum vectorial velocity was computed for each valid bin. speed with a small variability. This general feature reflects a time-optimal control strategy that is seen in the cat behav- Figure 3 illustrates these velocity difference values plotted against gaze shift amplitude (bin centers). For each bin, ᭺ ing in ''ecological'' testing conditions (head unrestrained, food target) (Guitton et al. 1990) . Regarding the effect of correspond to single experiments and ᭡ to the grand mean computed over the different experiments. It should be noted cFN inactivation on these relationships, no marked difference was noted between the control and muscimol data. For that the difference values were quite variable between experiments, showing that the maximum velocity is increased contraversive (rightward) movements, the two clusters of muscimol and control data points closely overlapped for during cFN inactivation for some experiments and decreased for others; however, for both contraversive and ipsiversive gaze duration and peak velocity. For ipsiversive (leftward) movements, the overlap between control and muscimol data responses (negative and positive abscissas, respectively), grand means of differences in gaze maximum velocity are are less obvious. This is observed mainly in the data of cat G with a reduced peak velocity ( Fig. 2A) and an increased negative, indicating a trend toward reduced velocities during cFN inactivation. To assess the statistical significance of this duration (Fig. 2B ) after muscimol injection. For the other animal, a similar, though weaker, tendency was observed observation, gaze maximum vectorial velocity was submitted to an ANOVA (see METHODS ) for each of the three for large amplitude movements. The reliability of these indi- Fig. 4 the duration of the acceleration as a function of the amplitude of the displacement that occurred during the acceleration phase ( Fig. 4A ) and the duration of the deceleration as a function of the deceleration amplitude ( Fig. 4 B) nally, the ratio of the acceleration duration to the total saccade duration is plotted as a function of horizontal gaze amplitude bins that provided the largest number of observaamplitude for experiments G-L and I-L2 in Fig. 4 , C and D, tions (centered on 10, 20, and 30Њ). Among the three respectively. For matched gaze displacement amplitudes ANOVAs (Table 1) , those for the classes of 10Њ and 20Њ (see earlier text), this skewness ratio (Hashimoto and Ohamplitude gaze shifts revealed a small, but statistically sigtsuka 1995) is reduced significantly [0.24 { 0.04 vs. 0.32 { nificant, effect of the experimental conditions (muscimol vs. 0.05, t(183) Å 11.38, P õ 0.001] for ipsiversive gaze shifts control) factor [F(1,6) Å 8.7, P õ 0.05; and F(1,12) Å but unchanged for contraversive gaze shifts [0.375 { 0.078 7.2; P õ 0.05, respectively). Neither movement direction vs. 0.371 { 0.075, t(153) Å 0.29, P ú 0.05] recorded after nor any interaction between movement direction and experiinjection G-L (Fig. 4C) . This difference between ipsiversive mental condition reached a statistical significance level. In and contraversive gaze shifts was not observed after injection summary, the cFN inactivation produces a moderate (55Њ/ I-L2 ( Fig. 4D ): muscimol injection did not change the skews on average) decrease of the maximum velocity of both ness ratio of matched amplitude ipsiversive gaze shifts ipsiversive and contraversive movements, a decrease that [0.37 { 0.10 vs. 0.38 { 0.09, t(95) Å 0.74, P ú 0.05] or reached a statistically significant level for two of the three contraversive gaze shifts [0.39 { 0.10 vs. 0.36 { 0.07, classes of amplitude tested. t(97) Å 01.48, P ú 0.05]. In conclusion, the slowing of The velocity profile of the gaze saccades recorded after ipsilateral gaze shifts after injection G-L resulted primarily muscimol injection in the left cFN of cat G (see Fig. 2 , A from an increased duration of the deceleration phase relative to the total gaze displacement duration. This observation is and B) was further investigated by plotting separately in compatible with the hypothesis that cFN activity contributes the first experiment (injection I-L1 in left cFN, screen to the deceleration of ipsilateral saccades (Robinson et al. setup), a technical incident occurred in the middle of the 1993). However, these data do not imply that this contribupostinactivation recording session that permitted the animal tion is linked to any control of the accuracy and hence that to get systematically and permanently visual feedback about the hypermetria described in the companion paper result its own performance. We then analyzed separately the visuform a flawed deceleration phase. In the next section, some ally triggered gaze shifts recorded before or after this 15evidence for a dissociation between dysmetria and changes min period (phases 1 and 2, respectively). Except for this in dynamics properties is provided.
period of continuously visible target stimulation, phases 1 and 2 were identical to the single recording phase of the previously described experiments with the target being Interaction between gaze dynamics and accuracy turned off at the onset of the gaze shift in Ç90% of the trials (see METHODS ). In both phases, gaze shift amplitude was Two of our experiments provided interesting information strongly and similarly affected by muscimol injection (Fig.  suggesting a dissociation between horizontal retinal error and horizontal gaze ampli-comprised two phases (phases 1 and 2) separated by a period of 15 min during which the animal's orienting behavior was tude) of ipsiversive movements and the reduced gain (change in slope) of contraversive movements were typical tested with the lights permanently lit. In Fig. 5C , the relationship between horizontal retinal error and horizontal gaze of the changes in gaze metrics described in the companion paper. However, in marked contrast to these amplitude char-amplitude is plotted for the control session and for both muscimol phases. As for injection I-L1, the amplitude of acteristics, the dynamics of ipsiversive gaze shifts were impaired differentially in the two postinjection phases. Indeed, gaze shifts was affected similarly in phases 1 and 2: the y intercept and slope values were quite similar for ipsiversive the main sequence relationship (Fig. 5B ) of leftward movements was strikingly different between the two phases: while movements, and a slight reduction of slope also was noted for contraversive movements. Figure 5D illustrates the gaze dynamics was very little affected in phase 1 (), a marked reduction of gaze dynamics was observed in phase changes in dynamics that occurred between the two phases, changes that concern only the ipsiversive (rightward) gaze 2 (ᮀ). Note, however, that for contraversive movements, data from both testing phases overlapped the control data shifts. During phase 1, the velocity of ipsiversive gaze shifts was, on average, increased as compared with the control (j). We verified in another cat (cat L) whether these changes in movement dynamics effectively resulted from visual feed-data, whereas phase 2 was characterized by a marked reduction in velocity. In summary, these two particular experi-back. We recorded the gaze shifts generated before and after muscimol injection in the right cFN. of ipsiversive gaze shifts that developed during the inactiva-tion in gaze velocity during the deceleration phase. These changes in dynamics were not associated with any significant tion period and that could not be related to modifications in gaze metrics. Figure 6 reveals the detailed dynamic proper-change in accuracy. ties of gaze shifts for the same experiments (top: cat I, bottom: cat L) . The duration of the acceleration is plotted Eye-head coordination as a function of the amplitude of the acceleration phase (Fig.  6, A and C) and the duration of the deceleration as a function DYSMETRIA OF THE EYE SACCADE. The eye and head components of the overall gaze shift were separately analyzed, of the amplitude of the deceleration phase (Fig. 6, B and  D) . For matched amplitude ipsiversive gaze shifts, the dura-and it was found that they both contributed to gaze dysmetria. Figure 7 illustrates representative gaze shifts toward a tion of the acceleration did not change between phases 1 and 2 [cat I: 32 { 15 ms for phase 1 vs. 37 { 22 ms for target located 35Њ to the left (Fig. 7A) or to the right (Fig.  7B ), before and after muscimol injection in the left cFN phase 2, t (152) In Fig. 8 , the horizontal amplitude of the ocular saccade cantly reduced between phases 1 and 2 in cat I [0.38 { 0.10 vs. 0.32 { 0.11, t(152) Å 3.48, P õ 0.001] but unchanged (orbital eye displacement) is plotted as a function of horizontal retinal error for responses recorded before and after in cat L [0.24 { 0.09 vs. 0.22 { 0.11, t(84) Å 0.78, P ú 0.05]. In conclusion, the pronounced change in the main muscimol injection in the left cFN. In Fig. 8, A and B correspond to injection G-L and C and D to injection I-L2. During sequence relationship during the second phase (as illustrated in Fig. 5, B and D) creased with target eccentricity until a maximum value of traversive gaze shifts in cat G and decrease for ipsiversive Ç20-25Њ was reached. After muscimol injection, it was obgaze shifts in cat I). These differences have been quantified served that for any given value of retinal error, the amplitude in each experiment by a linear regression analysis performed of the eye saccade was increased for ipsiversive responses separately on rightward and leftward responses. For cat G (Fig. 8, A and C) and decreased for contraversive responses (Fig. 9A ), this analysis led to the following equations: y Å (Fig. 8, B and D) . Note in Fig. 8 , A and C, that ipsiversive 00.63x 0 3.92 (r 2 Å 0.92) and y Å 0.54x 0 1.38 (r 2 Å eye displacements were observed even for values of retinal 0.89) for leftward and rightward control movements, respecerror close to zero or slightly positive (target presented in tively, and y Å 00.58x 0 1.57 (r 2 Å 0.87) and y Å 0.64x 0 opposite hemifield, Z). Those responses were respectively 2.07 (r 2 Å 0.90) for corresponding (ipsiversive and contravassociated with the inappropriately triggered and the misdiersive) cFN-inactivated gaze shifts, respectively. For cat I rected gaze responses described in the previous paper. For (Fig. 9B) , the equations of the control relationships were small retinal errors (range Å {5Њ), the average amplitude y Å 00.65x 0 4.10 (r 2 Å 0.93) and y Å 0.55x 0 2.93 (r 2 Å of eye saccades was 012.6 { 2.9Њ (n Å 21) after muscimol 0.94) for the leftward and rightward responses respectively, injection in the left cFN of cat G (Fig. 8A ) and 07.0 { whereas the respective equations were y Å 00.67x 0 5.73 2.2Њ (n Å 19) after injection in the left cFN of cat I (r 2 Å 0.96) and y Å 0.53x 0 2.00 (r 2 Å 0.89) for the ( Fig. 8C) . muscimol data.
To test the consistency of cFN induced changes in the HEAD CONTRIBUTION. The modifications in eye saccade amrelationship between head contribution and horizontal gaze plitude described above were paralleled by similar changes displacement, the slope and the x intercept values were comin the amplitude of the head movement, keeping the contriputed separately for each control and muscimol session (the bution of the head to the gaze shift nearly unaffected. This
x intercept was obtained by calculating the y intercept:slope is illustrated in Fig. 9 by plots of the horizontal displacement ratio, derived from the linear regression analysis). The xof the head during the gaze shift (head contribution) as a intercept parameter was preferred to the y intercept as it function of the amplitude of horizontal gaze displacement directly provides a gaze displacement threshold for head for experiments G-L (Fig. 9A ) and I-L2 (Fig. 9B) . One can displacement contribution, which corresponds to the average first note that the head substantially contributed to gaze shifts value of largest gaze shifts achieved without any head contrias small as 10Њ in amplitude, which is typical in the cat. For bution. The results of all 13 experiments are summarized in larger gaze movements up to the limit of the tested range, Fig. 10 for the slopes (top) and absolute values of x interthere was an almost linear increase of head contribution with cepts (bottom). Inspection of Fig. 10A (ipsiversive gaze gaze shift amplitude. Second, only some moderate changes shifts) revealed a reduction in slope for nine injections and in the contribution of the head can be seen during cFN inactivation as compared with control data (increase for con-an increase of x intercept for nine injections. gaze shifts (Fig. 10B) , a reduced slope was noted for 7 were characterized by a positive delay between eye and head injections and a reduced x intercept for 11 injections. The (i.e., head moved on the average 11 ms before the eyes). The global analysis did not reveal any statistical difference in delay between the eye and head movements for ipsiversive slope after muscimol injection [0.66 vs. 0.68, t(12) Å 0.90, gaze shifts very often changed relative to the respective con-P ú 0.05], whereas a small, but statistically significant, trol values: all eight statistically significant differences indidifference in x intercept was noted [3.53 vs. 5.19, difference cated a reduction of this delay (Fig. 11A ). However, the Å 1.66 { 2.68, t(12) Å 2.23, P õ 0.05]. Thus this analysis mean reduction averaged across all experiments amounts to indicates that the relative contribution of eye and head to only 7.3 { 7.4 ms [4.4 { 8.5 vs. 11.7 { 9.1, paired t-test: the total gaze displacement does not change in a systematic t(12) Å 3.56, P õ 0.01] compatible with a lessened head way during cFN inactivation for ipsiversive gaze shifts, decontribution after cFN inactivation. On the other hand, cFN spite the tremendous modifications in gaze shift amplitude inactivation tended to increase eye/head delay for contraverdescribed in the previous paper. Regarding contraversive sive responses [20.2 { 12.3 vs. 11.9 { 9.7, t(12) Å 2.95, P gaze shifts, the average 1.6Њ decrease in x intercept after õ 0.05] compatible with an enhanced head contribution, but muscimol injection in the cFN indicates that the head contriagain the mean change was small (8.3 { 10.1 ms) and reaches butes slightly more to the amplitude of gaze shifts. The a statistically significant level for only five experiments ( Fig.  following analysis suggests that a change in the relative eye-11B). A statistically significant correlation (Pearson correlahead timing might contribute to this. tion coefficient r Å 00.61, P õ 0.05) was found between the difference in eye-head delay of contraversive gaze shifts EYE-HEAD DELAY We then investigated whether the tempoand the difference in x intercept observed in the relationship ral coupling between eye and head movements was affected between head contribution and amplitude of contraversive by muscimol injection. The delay between the onset of eye gaze shifts (see preceding paragraph). This negative correlasaccade (gaze movement onset) and the onset of head movetion means that the greater head contribution to the amplitude ment (difference eye onset time 0 head onset time) was of contraversive gaze shifts after muscimol injection is associcomputed for each gaze shift. Figure 11 summarizes the results for all the experiments. In general, preinjection responses ated with the fact that it starts earlier relative to the eye. 11 . Temporal coupling between eye and head movement initiation. Delay computed from eye (or gaze) saccade onset to head movement onset is plotted separately for control (Ω) and pharmacological () sessions. Ipsiversive and contraversive responses are shown in A and B, respectively. *, statistically significant differences between the cFN inactivation and the corresponding control session (Student's t-test: *P õ 0.05, **P õ 0.01, ***P õ 0.001, NS: P ú 0.05).
Eye and head movement dynamics
changes in the relative timing between eye and head movement onset. Third, a slight slowing in gaze displacements The dynamics of ocular and cephalic components of gaze was noted for both ipsiversive and contraversive movements. shifts are separately illustrated in Figs. 12 and 13 , respec-This small change in gaze dynamics was the result of tively. The data for these eye and head main sequence relachanges in movements of both the eye and head. tionships have been drawn from the same left cFN inactivation experiments described above in Figs. 2, 4, 8, and 9 . Involvement of the cFN in the control of eye and head Figure 12 shows the main sequence relationships of the eye movements saccade recorded in experiments G-L (Fig. 12, A and B) and
For the first time, our data provide direct evidence that I-L2 (Fig. 12, C and D) ; and Fig. 13 depicts the relationship cFN is not only involved in oculomotor control but also in between the amplitude of the total horizontal head displacethe control of head movements. Previous pharmacological ment and its maximum velocity for the same experiments manipulations of cFN activity were performed in the head-(G-L: Fig. 13A and I-L2: Fig. 13B ). Comparisons between restrained animal and therefore could not make this distinccontrol and pharmacological relationships, for both eye and tion (Ohtsuka et al. 1994; Robinson et al. 1993 ; Sato and head, resulted in the same observations made above for gaze Noda 1992). In one primate study, saccadic eye movements main sequences (Fig. 2) . First, contraversive movements have been measured in both head-restrained and -unreshowed identical dynamic characteristics as control restrained conditions after a more extensive cerebellar lesion. sponses. Second, the velocity of ipsiversive movements
The author concluded that the ''postoperative error in the tended to be slower than that of control movements of comaccuracy of the initial saccadic response to a particular target parable amplitude, and their duration was slightly prolonged. displacement was the same whether or not the head was These modifications of eye and head main sequence characimmobilized'' (Ritchie 1976). However, because it was not teristics for ipsiversive responses indicate that changes in mentioned whether the head significantly contributed to gaze shift dynamics result from parallel changes of eye and these gaze shifts and whether head movements themselves head components.
were affected by the lesion, it was not possible to draw firm conclusions from this experiment.
D I S C U S S I O N
The fastigial involvement in the control of head movement is consistent with efferent projections from the cFN de-Three major findings have been illustrated in this paper. First, gaze dysmetria induced by muscimol injection in the scribed in the cat. Indeed, the cFN sends crossed projections to the spinal cord (Bharos et al. 1981; Fukushima et al. cFN was the result of strongly dysmetric movements of both the eye and head without large changes in the relative contri-1977; Matsushita and Hosoya 1978) . In addition, the cFN projects to the contralateral nucleus reticularis gigantocellu-bution of these two segments to the overall gaze shift. Second, cFN inactivation can lead to small but consistent laris (Homma et al. 1995) Hirai et al. 1982; Kawamura et al. 1982; ter and Batton 1982; Dietrichs and Walberg 1987; Gerrits and Voogd 1987; Gould 1980; Van der Want et al. 1987 ) May et al. 1990 Roldan and Reinoso-Suarez 1981; Sugimoto et al. 1982; but see Noda et al. 1990 1 ) . Both structures that could possibly provide copies of eye and head motor commands. This convergence of various signals related to have been implicated in head movement control (Cowie and Robinson 1994; Drew and Rossignol 1990 ; Freedman and the position and/or displacement of eye and head is compatible with the medioposterior cerebellum playing a role in the Sparks 1997b; Freedman et al. 1996; Grantyn and Berthoz 1987; Guitton 1992; Isa and Sasaki 1988;  control of eye and head displacements. Roucoux et al. 1980; Segraves and Goldberg 1992; Suzuki et al. 1989 ). Finally, ascending projections of the cFN Gaze shift control versus separate eye and head through the thalamic ventro-median (VM) nucleus contact movements controls? three cortical areas: the ventral bank of the cruciate sulcus, the fundus of the presylvian sulcus, and the ventral bank
The fact that the cFN inactivation did not lead to consistent changes in the relative contribution of the eye and head of the ectosylvian sulcus (Kyuhou and Kawaguchi 1987; Steriade 1995) that, in turn, all project to the deep layers of to the amplitude of ipsiversive gaze shifts implies that the caudal fastigial control on these movements is achieved ei-the superior colliculus (Harting et al. 1992; Segal et al. 1983; Tortelly et al. 1980) . The fundus of presylvian sulcus itself ther by tuning a gaze-related motor command before it is subdivided into signals driving eye and head controllers sep-was suggested to participate in head movement control (Guitton and Mandl 1978) .
arately or by controlling both eye-and head-related signals in a remarkably well-balanced fashion. The first possibility Regarding the nature of information carried by the cFN, available evidence for an encoding of some head-related suggests that the cFN influences a structure controlling ipsiversive coordinated eye-head movements. The existence of signal was more indirect. According to a recent study in the cat (Gruart and Delgado-Garcia 1994) , the majority of both the crossed fastigio-tectal projections and the longer fastigio-thalamo-cortico-tectal route described above might neurons found in the caudal part of the fastigial nucleus discharge in relation to passive ipsiversive head movements, support this proposed influence because the deep superior colliculus is thought to issue commands related to gaze, to contraversive saccades, and to contralateral eye fixations (type I eye position velocity neurons). However, the electro-rather than eye, displacement (Freedman and Sparks 1997b; Freedman et al. 1996; Munoz et al. 1991; Paré et al. 1994 ; physiological properties of these neurons, as well as that of other fastigial neurons, have never been investigated in the Roucoux et al. 1980) . The hypothesis of a fastigial influence on the superior colliculus already has been formulated to head-unrestrained animal. A clue to these properties can be provided by the nature of the signals carried by mossy fibers account for the bias of ipsiversive gaze shifts and the gaze fixation offset observed during fastigial inactivation (see to the oculomotor vermis and the fastigial nucleus. In addition to teleceptive information about external stimuli (Don-companion paper). Regarding contraversive movements, the change in the contribution of head to the total gaze shift aldson and Hawthorne 1979; Freeman 1970), mossy fiber input consists of extraocular and neck proprioceptive signals amplitude is so slight (õ2Њ), that the issue of whether the cFN directly controls gaze or separately affects eye and head (Batini et al. 1974; Berthoz and Llinas 1974; Schwarz and Tomlinson 1977) , vestibular signals (Gould 1980; Kotcha-controllers, is questionable. The fact that, for these contraversive movements, the head starts earlier with respect to bhakdi and Walberg 1978), and signals from reticular nuclei (Batini et al. 1978; Blanks 1988; Brodal et al. 1986 ; Carpen-the eye, might contribute to this slight increase in head contribution because this difference in eye-head delay correlates 1 The observation made by Noda et al. (1990) in the monkey, that neurons with the difference in x intercept of the head contributionin the fastigial oculomotor region (FOR) project only to the contralateral gaze amplitude relationship. It is likely that these changes SC, contrasts with the other anatomic studies quoted above. One way to reconcile these findings would be to assume that in the monkey, fastigial in eye-head coupling result from the tonic deviations of gaze neurons sending a projection to the contralateral SC are confined within a and head toward the inactivated side. Indeed, we have shown circumscribed zone of the cFN corresponding to the FOR and that some in the companion paper that when the head is deviated, the of the neurons lying outside this zone would project to the ipsilateral SC. eye is deviated in the same direction. This orbital eye devia-However, this hypothesis is not supported by the following experimental tion could be responsible for the increased contribution of data: first, Noda et al. (1990) reported that a large wheat germ agglutininhorseradish peroxidase (WGA-HRP) injection involving the caudal two-the head to gaze shifts in the opposite direction [see Freedthirds of the fastigial nucleus (FN) led to an anterograde labeling restricted man and Sparks (1997a) for an extensive analysis of this to the contralateral SC similar to that resulting from smaller injections effect in the monkey] and also for the increase in eye-head confined to the FOR; second, the data by May et al. (1990) strongly suggest delay (head starting earlier). The ipsilateral fastigio-tectal that retrogradely labeled fastigial neurons after HRP injections in the SC are located symetrically on both sides, in a cFN zone very similar to the and fastigio-thalamic projections are compatible with the FOR. Regarding the cat, there is a good agreement between studies using cFN acting upstream from the decomposition of desired gaze anterograde and/or retrograde labeling techniques in showing a bilateral displacement commands into separate eye and head signals, projection of the cFN to the SC (Hirai et al. 1982; Kawamura et al. 1982;  for the same reasons as reported above for gaze shifts toward Roldan and Reinoso-Suarez 1981; Sugimoto et al. 1982) . In summary, all the injected side. The crossed cFN projections both to the studies agree on the fact that cFN neurons project to the contralateral SC and thus provide a neuroanatomic basis for a collicular involvement in the reticularis pontis oralis and reticularis pontis caudalis nudysmetria of gaze saccades directed toward an inactivated cFN. A projection clei (Rho et al. 1996) and to the reticularis gigantocellularis from the cFN to the ipsilateral SC also can be taken as a neuroanatomic nucleus (Homma et al. 1995) also might convey an influence substrate for a collicular involvement in the gaze contraversive dysmetria of the cFN on eye (Cullen et al. 1993; Grantyn and Berthoz in the cat but the extention of this hypothesis to the monkey is uncertain and requires further anatomic studies. 1982) and head movements (Drew and Rossignol 1990; size of, but with the same duration as, control responses to the same target eccentricity). Moreover, the fact that fastig- Grantyn and Berthoz 1987; Grantyn et al. 1992a,b; Isa and Sasaki 1988; Iwamoto and Sasaki 1990;  Pe-ial or vermal electrical microstimulation evokes saccadic eye movements (Fujikado and Noda 1987; Noda et al. 1988 Noda et al. ) terson et al. 1978 Siegel and Tomaszewshi 1983; Suzuki et al. 1989) . For these crossed reticular projections, the ques-and not ramp eye movements-as would be expected if the activation was confined downstream from the pulse genera-tion whether cFN controls gaze or eye and head separately remains unanswered, since the nature of the signals encoded tor (Cohen and Komatsuzaki 1972) -is not compatible with this possibility either. Nonetheless, such a peripheral cFN at these levels is still unknown.
In summary, for both ipsiversive and contraversive gaze action was proposed by to account for the lack of compensation for saccades induced by fastigial shifts, a cerebellar influence on the processes that control the metrics of gaze, rather than the eye and head, offers the stimulation during the preparation of a goal-directed saccade [Mays and Sparks paradigm (Mays and Sparks 1980) ]. most parsimonious explanation of our data. But a definitive demonstration requires further experiments that systemati-However, these authors did not consider that this compensation failure also could result from a change in the reference cally compare gaze shifts between the head-restrained andunrestrained conditions. If the cFN influences structures that signal that drives the saccadic controller, upstream from the dynamic feedback loop. Our contraversive movements data control the orienting movements of the visual axis, then the dysmetria of visually triggered gaze shifts during cFN favors this last hypothesis of a cFN-dependent element located upstream from the local feedback loop (see also Op-inactivation is expected to be the same in both testing conditions. Similarly, gaze shifts evoked by electrical microstimu-tican 1982). From this perspective, the hypometria observed after muscimol injection in the cFN would result from an lation of the cFN in the head-unrestrained animal should be comparable with saccadic eye movements in the head-impaired specification of the reference signal that drives the gaze (or separate eye and head) controller(s). The slight restrained animal (Cohen et al. 1965; Noda et al. 1988) . modification in movement dynamics we observed after unilateral muscimol injection in the cFN for both ipsiversive Gaze dynamics and the level(s) of cFN involvement in and contraversive gaze shifts (average velocity decrease Å saccadic control 55Њ/s) might possibly result from nonspecific factors such as a decreased arousal (Crommelink and Roucoux 1976) or We now will discuss how the results of our analyses of gaze shift dynamics compare with predictions, presented in from an effect of visual feedback (see further).
A slowing affecting selectively ipsiversive movements the INTRODUCTION, of various hypotheses about the level of cerebellar contribution. Considering first gaze shifts directed was observed for some injections (e.g., see injection G-L in Figs. 2 and 4 ) that in fact resulted from an increased away from an inactivated cFN, our data on gaze dysmetria (companion paper) and those of Robinson et al. (1993) displacement amplitude during the deceleration phase. These changes in the temporal structure observed in some experi-suggest the reduction of a gain along the visuomotor pathways. In the framework of feedback models where the accu-ments are compatible with the increased deceleration phase observed in the monkey after muscimol injection in the cFN racy of gaze shifts is ensured by the operation of a gaze feedback loop (see INTRODUCTION ) , gaze hypometria can . Some authors Helmchen et al. 1994; Ohtsuka and Noda 1995) have pro-result from a gain increase along this negative feedback pathway, from a gain decrease of both eye and head motor posed that the late saccadic burst generated by the cFN neurons during ipsiversive saccades ; commands downstream from the feedback loop, or from a reduction in the reference signal that drives the gaze (or Helmchen et al. 1994; Hepp et al. 1982; Ohtsuka and Noda 1991) could be involved in stopping the saccade and, accord-separate eye and head) controller(s). The first possibility of a cerebellar-dependent gain located along the feedback ingly, its suppression by muscimol would lead to the observed ipsilateral hypermetria . Note pathway has been proposed by some authors (Keller et al. 1983; Vilis and Hore 1981) to account for saccadic dysmet-that, because this late burst has been shown to lead saccade completion by a constant time of Ç30 ms (Ohtsuka and ria in the head-restrained monkey. Accordingly, the hypometria would result from an overestimation of the eye displace-Noda 1991) or by a time that increases with saccade size , the postulated hypermetria should be ment that has occurred since the beginning of the movement. Based on simulation data, Keller (1989) predicted that the bigger for intended larger saccades because those are faster at the time of late burst onset. The slight slope increase in maximum velocity of the eyes, as compared with their total displacement, should be relatively spared by an increased the relationship between horizontal retinal error and horizontal gaze amplitude of ipsiversive gaze shifts, although feedback gain, leading to a slight increase in peak velocity in the main sequence relationship. In contrast, the modifica-much less pronounced than the change in y intercept (see companion paper), is consistent with this hypothesis and tion we observed after muscimol injection, although subtle, is clearly incompatible with this hypothesis as we found a suggests that the cFN neurons also generate a late burst during an ipsiversive head-free gaze shift. slowing of gaze shifts. Our data are not compatible either with a reduction of the gain, at a level downstream from the However, the selective slowing of ipsiversive gaze shifts appeared occasionally and did not reach statistical signifi-saccade feedback generator, of both eye and head motor commands because the predicted dramatic change in the cance when all experiments were pooled together. Indeed, our global analysis of gaze main sequence relationships re-main sequence relationships was not observed (e.g., a twofold decrease in gain should lead to movements of half the vealed that the subtle, although statistically significant, change of movement dynamics during cFN inactivation, af-Thus the medioposterior cerebellum appears to act on the sensorimotor feedforward pathways at a similar level for fected ipsiversive and contraversive gaze shifts to the same extent. The modest change in gaze dynamics is compatible ipsiversive and contraversive movements. This similarity can be related to the bilateral projections of the caudal fastig-with previous studies, which report a lack of modifications in the saccade dynamics after massive cerebellar lesions ial nucleus to the superior colliculi and VM thalamus. However, the distinct feature of the dysmetria of contraversive (Aschoff and Cohen 1971; Burde et al. 1975; Goldberg et al. 1993; Optican 1982; Optican and Robinson 1980;  Vilis movements during cFN inactivation, as compared with that of ipsiversive movements, might reflect an additional cere-and Hore 1981; Westheimer and Blair 1974) [note, however, that Robinson et al. (1993) reported some changes in sac-bellar access to a subcollicular level through crossed brain stem projections. This possibility, as well as the actual nature cade dynamics after muscimol injection in the primate cFN]. Based on these considerations from previous studies and on of cerebellar influence on its target structures, are open questions that merit further investigations combining pharmaco-some peculiar observations of our own (described in the following text), we propose that these modifications in dy-logical injections, electrical stimulation, and unit recording. namics and the dysmetria of gaze shifts during cFN inactivation constitute two distinct deficits that do not completely
